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SUMMARY 

An experimental procedure is presented by which an estimate can be nmde of 
the condensation coefficient on a noncollapsing stationary vapor bubble in subcooled 
liquid nitrogen. The present experimental study utilizes film boiling from a ti'in 
wire to generate vapor bubbles which remain fixed to the wire at their base. A 
balance was established between the evaporation in the thin annular region along the 
wire and the condensation in the vapor bubbles. 

INTRODUCTION 

Condensation of saturated vapor on cold surfaces has been studied e.xtensively, 
as reported in the summary paper of reference 1. Because of recent interest in 
direct contact heat transfer, condensation has also been studied in relation to the 
decay of small vapor bubbles. 

In reference 2, Florschuetz and Chao presented both a theoretical and expt'ri- 
mental study of vapor bubble collapse in subcooled water and ethyl alcohol at at- 
mospheric pressure. For a step increase in system pressure along with Us asso- 
ciateu increase in subcooling, their analysis indicated that the collapse rate might 
be controlled either by inertia ♦’orce, heat transfer, or both, alUiougii in all their ex- 
periments the heat transfer mechanitm dominated. Brucker and Sparrow (ref. :i) 
experimentally investigated direct contact condensation of saturated steam bubbles 
over a wide range of subcooling, system pressure, and bubble rise velocities. Most 
recently, Ivoe and Chan (ref. 4) presented a detailed mathematical analysis of how 
the various Initial conditions affect bubble collapse in a subcooled liquid. Their analy- 
sis compares favorably with the previously published data of references 3 and 5 and 
predicts under what conditions bubble oscillations can bo expected. If desired, these 
papers can bo consulted for additional references concerning condensation of vapor 
bubbles. 

In this study on bulk condensation, the collapse of vapor bubbles in a subcooled 
liquid as measured in reference 2 will be of particular interest. Florschuetz and 



Chao measured the mean radius of a vapor bubble as a function of time. In usin^ 
this indirect transient technique, the rate of chanpe of the mean bubble radius with 
time is used to determine the heat flux and the condensation coefficient. Florschuetz 
and Chao also attempted to minimize the translatory motion of the bubbles by taking; 
their measurements under a fi foot free fall condition. However, they pointed out that 
small bubble velocities existed and could account for some of the deviation between 
experiment and theory. 

In contrast to the indirect transient approach, an experimental procedure is now 
presented where tlic heat Ilux and condensation coefficient can be measured directly. 
The condensation coefficient is measured at a stationary interface in which the bubble 
does not collapse. In addition, this procedure eliminates the translatory motion of 
the bubble as well as the oscillations of the liquid vapor interface. 

The present experimental study involves an extension of an earlier study of film 
boiling; from a thin wire in a pressure vessel containing subcooled liquid nitrogen 
(ref. fi). In reviewing the previous film boiling data and movie sequencies, a set of 
system parameters (wire size, system pressure, subcooling, wire temperature, etc.) 
w’as found where a balance was established between evaporation and condensation of 
the film boiling vapor domes. The purpose of the present paper is to document the 
experimental method w’ilh the photographic results and to estimate the condensation 
coefficient from the pihotographic results and tlie measured system heating and bulk 
parameters. 


LIST OF SYMBOLS 

Ap surface area of bubble, cm^ 

Cy specific heat of vapor at constant volume, J/g K 
I) diameter of vapor dome, cm 

diameter of vapior annulus, cm 
diameter of wire, cm 

g local coefficient of gravity, m/sec^ 

2 

gp Kevvton's law conversion factor, 1 kg m/N sec 

H'jg modified latent heat of vaporization, + 0.34 AT/h^^ 

hp condensation heat transfer coefficient, W/cm K 

hjp latent heat of vaporization, J/g 

ky thermal conductivity of vapor, cal/cm K 

L length of heating wire, cm 

f characteristic length, eq. (A3) 
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system pressure, N/m 
critical pressure, N/m^ 
total heat flow per cell, W 
heat flux, W/cm^ 
bulk temperature • K 
saturation temperature, K 
wire temperature , K 
temperature difference, K 

siibcoollnR temperature difference, (Tg - T^), K 
lenj^th of bubble's base, see figure 2, cm 
height of vapor dome, cm 
cell wave lenRth, cm 

cell wave length for liquid nitropen, cm, eq, (A4) 
vapor \iscosity, p/cm sec 

n 

density of liquid, g/cm 

O 

density of vapor, p/cm' 
surface tension, N/m 


Pin’SICAL PHKNOMENA 

Film boiling from a horizontal wire is shown in figure 1 for a liquid at its sat- 
uration temperature = 0) and for various levels of bulk subcooling > 0). 

In film boiling, a layer of hot vapor supports a column of dense fluid. Thus, in a 
gravitational field this situation is inherently unstable. Figure 1 illustrates the form 
of Uu'se instabilities. .\t regularly spaced intervals along the wire, the vapor will 
break f»*om the wire and esc ape under the influence of gravity into the bulk liquid, 
as shown by the rising bubbles in figure 1. In the saturated liquid = 0), the 

bubbles rise with a constant volume, while in the subccx)led liquid > 0) the 

vapor condenses and the bubble quickly decreases in size. 

As illustrated in figure 2, film boiling from a wire is characterized by the thin 
:xnnular vapor blanket covering the wire and by spatially perioc^ic vapor domes. The 
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distanc'i' iK'twcfii donus is nearly constant with time. The growth and departure of 
a vapor dome has a temtHiral peruKlicity which rt prt'sent some averaKO cycle time. 
The cell wavelenijth as well as the average radius ol the departing bubbles is pro- 
fKjrtional (ref. 7) t«» the critical wavelength ol h>drodynamic stability theory (ref. 8). 
Predictions ol \ are discussed In Appendix A 

I'sing tlie photograpliie evidence, tlie ideal i/etl geometry based on figure 2 was 
successfully used (ref. !1) to determine ihe heat-transfer characteristics of film 
boiling fixmi Uiin non/.ontal wires. Iliis nuKlel consists of a thin tubular va|)or 
film between the wire and the liquid, witli vafKir escape points indicated by the dome- 
shapt'd areas. 

The major portion of the heat transjxirt occurs across the tliin vapor film of the 
tubular portion ‘K'tween tlie vapor domes. In saturated film boiling the domes are 
considered to lx* so Uiick that essentially no heat is conducted Utrough them. Physi- 
cally, the tlomes act as hvdrod\Tiamie sinks Into which the vapor generated in the 
annular rogton is released. 

If the bulk liquid is sulicooled, the growth rate of the bubble will lx* slowed by 
the process of condt*nsation on the vapor dome. Kventually, when the bubbles break 
from the wire, they rise throui^ the subcooled fluid and Ix'gin to condense and dis- 
appear, as shown in figure 1. Hie larger the sitlxxxiling the quicker tlie bubbles 
disappear. In the limit of very large sulx txilings, tliere are situations where a 
vapor film cannot grow (ref. 10). In an intermediate case, it is possible for a vapor 
bubble to grow to a certain size at which time its volume will remain fixed. 

In a review ol earlier subcooled film lioilingdata :md motion picture studies 
(ref. 0), a condition was found where the rate of comh'nsation at the dome of figure 2 
was just sullicient to balance tlie incoming vajxir. in this ease, tlie Ixuling process 
was no longi'r periodu in nature but attained a sieadv condition with well defined 
stationarv vapor domes. Therefore, this experimental approach could be used to 
study condensation on a steady noncollapsing vapor bubble- liquid interface. 

DKSCmPTION OP KXPPIUMKNT 

The experiment was eoiulucted in a double walled pressure ves.-»el as shown in fig- 
ure :i. 'The inner vessel was a Itl.O cm diameter by 22.0 cm higli pressure vessel 
capable of ojx'rating up to 2. 8 MPa (P^ of nitrogen is .‘1.-117 MPa). The outer vessel 
was a vacuum insulating jacket. The assembly was equipjxHl with quart/ winiknvs 
front and back for viewing. The system was pn'ssurized on top with nitrogen gas. 

.\ 100 watt calrod heater was used to heat the ptxil to the desired bulk temperature 
following pressurization. 



Thi* tost wiros wore mountod hori/.ontally under spring tension to an assembly 
whieh was in turn mounted to an aeeess iloor as shown in fii;ure I. All the instru- 
ments and lead wires were also mounted to tlie d<x)r. Two 0.250 mm diameter 
platinum wires 5. 1-1 and 5. -18 cm Ions and one 0.0 10 mm diameter wire -1. 58 cm 
lonj; were used as test heaters. IVo pins 0. 800 mm diameter were inserted in 
the mounting assembly below the wire at dist:uices apart ol 5.45 mm for tlie 
0. 250 mm wire and G.OO mm for the 0.040 mm wire. These provide a dimensional 
reference for the visual observations. It was on the 0.040 mm diameter wire that 
the present data was obtained. 

Pressure was measured witli a bourdon tulx* uane accurate to 0. 1 pe«rcent of 
full scale. Fluid temperature was measured with a platinum resistance thermom- 
eter rati'd accurate to witiiin 0. 1 K. The resistance of the platinum heater wire 
was calibrated and found to follow that of standard platinum. The average wire 
temjH’rature was determined by measuring voltage drop across the wire and current 
throuRli Uie wire. Heat was }»eneratcd using a d.c. power supply witJi rms ripple of 
less than 0.05 percent of test voltage. A precision digital voltmeter was used for 
voltage measurements. Current was measured using the same instrument and a 
calibrated shunt. All measurements v/cre backed up by redundiuit inctruments. The 
system had a tendency to drift slightly while acquiring data. This coupled with re- 
pi'oducibility results limit claims on data accuracy to the following values; ±1.0%; 
fluid temperature, +0. 2 K; wire temperature, ±5%; and heat flu.\, ±5%. 

The photograplis were t:iken witli a 1(> mm higli speed movie camera operating 
at 400 frames per second. LiglUing was provided fixnn the back by a 1000 watt lamp 
diffused through a frosted glass for better shadowgraph. 


UKSn.I'S 
Fxperi mental Data 

Data taken in the manner descriln'd alxive for conventional film lx)ilingof licjuid 
niti*ogcn on 0.250 mm and f.OlO mm diameter horizontal platinum wires were re- 
ported in reference 0 for the following rangi' of conditions. 

0.0:i r IV P^. 0.09 

78 Tj^ 1 120 K 

250 “ < 900 K 
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8 s q -s 70 W 

In roviowinp this data set only one case* was lound where an equilibrium condition 
existed with Uie vapor Ixibbles remaining stationary and film IxulinK evaporation 
Just balancinn condensation on Uie vapt>r dome. 

hipji speed movie photojjjaph corre8|H»ndinn to this condition where evapor- 
ation and condensation are in balance is shown in fiii:ure 5, Notice that this bal- 
anced condition results in a clear fluid alsive the vajxir domes, which indicates 
the lack of vajxir domes breakinn off and rising from the wire. In vicw’ing the 
motion picture from which figure 5 was selected, occasionally a bubble would 
rise from the wire or collapse. Thus, figure 5 depicts a metastable condition in 
which any change r. system panimeters w«>uld destroy the pattern shown in figure 5. 

The photograpii of figure 5 was scaled to determine tlie diameter, height, and 
base- ot the vapor dome as well as the distance bt'tween domes. The distance »>f 
5.(50 mm between the pins in figure 5 was used in the scaling. Seven measurements 
on different domes were taken for the dome diameter and spacing as sketched in 
figure 2. The data for this mctastable Ixiiling/condensation condition are sum- 
marized in table I. 


Condensation Coellicient 

Kvafxiration occurs on the small annular area wliile condensation occurs on the 
much largi'r vajxir tkime. The 'arge differences in area can ix* accomnwxfated at 
equilibrium Ix'cause condensation heat transfer has a much smaller driving tenqx’r- 
ature difference. 

(Condensation is assumed to take plac«> on the outer area of the vajxir dome. The 
area of the vaptir (k>me can be approxi mateil liy the area of a truncated sphere • f 
diameter 1) and heigiit Y as showTi in figure 2 Since Y :uid 1) are abiut equal 
(fig. 2) calculations show tliat Uie area of tlie missing spherical cap near Uie wire is 
negligible compareci to the total area ol the sphere, consequently, the area of the 
whole S|)here is used to compute the condensation area. For a 0.05)2 mm spliere 
(see table f) tlie surface area is 

Ajj fff)“ - 0 0151 cm“ 


( 1 ) 
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For future experiments, it would be useful to predict the eell size thai would develop 
under different experimental conditions such as increased pressure or a different 
fluid. Appendix A presents a prediction scheme. 

AssuminB all heat from the wire rocs into vaporizing the liquid, and that con- 
densation is uniform around the sphere, the condensation heat transfer coefficient 
c:m be defined as follows; 


h 


c 


Q, 


A^fT^ - T„) 


n' 


( 2 ) 


In this case 


Qc = = 0. 102 W 


(•'») 


Therefore 


hp = 0. r.06 W/cm“ K (4) 

In the previous section, all tlie heat leaving the wire was assumed to vaporize 
the liquid. This neglects superheating the vapor, and dlreet convection and radiation 
of heat into the bulk liquid. For a crj'ogenic fluid, the wire temperature (487 K) is 
too low (o give significant amounts of radiation. The convection losses into the bulk 
liquid surix)unding the Uiin annulus in figure 2 were also estimated to be small (ref. 10 - 
Appendix !)). Neglecting superheating of the vapor probably is the only significant 
source of error in the above assumption. Estimates from reference 10 indicate that 
as much as 27 percent of the heat could Ix' triuisferred into supt' cheating the vapor. 

Thus, in the present experiment, the actual condensation heat transfer coefficient is 
probably within the range of 0. 4 to 0. 5 W/cm^ K. 

t 

CONCLUDING REMARKS 

An experimental technique is shown by which condensation can be studied on a 
noncollapsing bubble in a subcooled liquid. This experimental technique could lx> used 
to establish a data base for condensation on stationary bubbles over a range of pres- 
sures and subcooling. 



8 


APPKNIMX A 

CELL WAVE LENGTH AND BUBBLE DIAMETER 

As mentioned In the body of the report, lor future experiments It Is desirable 
to predict the cell IcnRth (diiUance between domes as defined in fig. 2) that would 
develop in film boiling under different experimental conditions. References 11 
to 13 have established a formula for the cell lenfjth \ in film boilinR which depends 
primarily on the wire size and the liquid and vapor properties. 

The latest and most general correlation which accounts for the cell lenRtli is 
given in reference 13 as 


\ = 



+ 2(1 


(All 


where the diameter of the vapor annulus D^ is given in reference 12 as 


and 


»A = [)„, exp 



- T^) 



( = 


►>c 


K0>l- Pv> 


1/2 


(A2) 


(A31 


In reference 13, equation (Al) has been compared to methanol, isopropaiwil, acetone, 
and benzene with generally good agrt»ement between the data and experiments. 

Figure 0 shows the photographs of film lx>iling from a wire in saturated liquid 
nitrogen. For f/I)= 3.5, \ is calculated to be 0. 27 cm from equation (A2) while 
the measured value is 0. 44 cm. For # /D - 22. 1, \ is calculated to be 0. 0014 
which is about half the measured value of 0. 12 cm. Apparently, the correlation that 
predicts the cell wavelength weight the diameter of tlie wire too strongly lor liquid 
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nitroKcn. Therefore, for the purpose of this paper, a simple empirical modification 
leased on the data is applied to equation (A2) to yield 


X 


N 




+ 0.75(I/D^)2 


(A4) 
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TABLE I. - DATA FOR METASTABLE BOILING/CONDENSATION 

BALANCE IN SLBCOOLED LIQUID NITROGEN 

(a) Geometry 

“ 0. 040 mm 
L = 4. 580 cm 

D = 0. 693 mm 

^base 
^D “ 

\ = 1. 15 mm 

(b) Operating conditions 

P = 0.342 MPa 

Tg =79.0K 
Tg =92.4K 

T^ = 487 K 

q = 70. 8 W/cm^ 






Figure 1. • EHert ol subcool - 
lr>g on liquid v«por Inter- 
lace for 0 T) mm wire, Iq ^ 
35 W/Cm . and p/p^ • 0. 54). 
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Figure 3. * Liqu'd nitrogen pool-schematic layout. 
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Figurt 4. - Test he«te r wire arHl (ssociited ,'nstruments. 


Figure 5. - Slationary subcooled film boiling. 
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Figure 6. - Ettect o( didmeler on the saturated liquid-vapor inter- 
lace. (qi 35 vv/cm‘ p/pj» 0.131. 



